Abstract This paper introduces the Special Issue BHydrological Model Intercomparison for Climate Impact Assessment^. We describe the river basins used as case studies, the input data, the hydrological models, and the climate scenarios applied in the multi-model framework. We also summarize the main results of the papers contained in this Special Issue.
intercomparison of climate change impacts using multiple global impact models driven by ensembles of climate projections was initiated, and several studies have been done for the water sector (Haddeland et al. 2014; Schewe et al. 2014) , agriculture and other sectors.
Assessment of climate change impacts on hydrological processes can be done using both the global-scale and regional-scale (or river basin) models. Global-scale modelling studies provide comparative global overviews of climate impacts. However, global-scale modelling outputs are often not reliable at the regional and local scales, where the impacts occur and adaptation strategies should be designed. Consequently, projections of climate change impacts should be done at the regional scale using basin-scale models more systematically. Intercomparison of regional impacts is important to assure the robustness of results which could be used for developing adaptation strategies.
The ISI-MIP provides a means to compare climate impacts and quantify uncertainties from different sources in a systematic way using a multi-model framework and to identify the robust results. The intercomparison of the regional-scale impacts for the water sector can also contribute to the cross-sectoral integration of impacts for specific regions, and results for different sectors could be analysed.
The research presented in this Special Issue was conducted by the regional-scale water sector team of ISI-MIP. The objectives of the Special Issue are (a) to evaluate nine hydrological models in application to 12 large-scale river basins on six continents, (b) to compare climate change impacts on river discharge and extremes (considering different characteristics) and evaluate uncertainties from different sources and (c) to compare the performances in historical period and simulated climate impacts between regional-and global-scale models.
Next sections describe case study river basins, used data and applied hydrological models, present applied climate scenarios and summarize main results, which are described in detail in the papers of this Special Issue.
Case study river basins and data
Twelve large-scale river basins covering the most important geographical zones considering climate, topography and continental distribution were chosen for the intercomparison: Rhine and Tagus in Europe; Niger and Blue Nile in Africa; Ganges, Lena, Upper Yellow and Upper Yangtze in Asia; MacKenzie, Upper Mississippi and Upper Amazon in America and Darling in Australia. Only upper portions were considered for the Mississippi, Amazon, Yellow and Yangtze due to complex geomorphological structures and numerous human alterations in these basins, which would have required additional input datasets and more computational effort. The basins are presented on a map (Fig. 1) , and their main characteristics are listed in Table 1 . For the two African basins, the model outputs for two gauges were considered.
The 12 river basins can be split into four classes by their drainage areas as follows: below 200,000 km 2 (Rhine, Tagus and Upper Yellow), in the range of 300,000-500,000 km 2 (Upper Mississippi, Blue Nile and Darling), about 1,000,000 km 2 (Upper Amazon, Ganges and Upper Yangtze) and above 1,600,000 km 2 (Niger, MacKenzie and Lena). Six of the basins have the average elevation ranging from 305 to 620 m a.s.l. and other six above 1000 m a.s.l., with two (Upper Yellow and Upper Yangtze) featuring average elevation above 2900 m a.s.l. (Table 1) .
Six of our basins have a notable share of cropland, which is the highest in the Ganges and Blue Nile. In the Darling basin, rangeland and pasture occupy 44% of the drainage area. Four basins can be classified as having mostly natural land cover: the Upper Amazon and the two Arctic basins Lena and MacKenzie having 68-78% of forest, and the Upper Yellow with 90% of grassland.
Climatic conditions are also very different in our basins (Table 1) . The average annual temperature is above 19°C in five basins (maximum 27.7°C in the Niger) and below 0°C in three basins (MacKenzie, Lena and Upper Yellow). The average annual precipitation ranges from lower than 600 mm year -1 (in four basins) to higher than 1000 mm year -1 (also in four basins), reaching maximum of more than 2100 mm year −1 in the Upper Amazon.
The long-term average runoff ranges from about 8 mm year −1 in the Darling to more than 1450 mm year −1 in the Upper Amazon, corresponding to the lowest and highest runoff coefficients of 0.01 and 0.69. Also the two African basins have very low runoff coefficients (Table 1 ). The diversity of precipitation and runoff regimes in the 12 river basins is shown in Fig. 2 . It confirms that the selected set of case studies captures a variety of climatic, runoff generation and flow regime conditions. The modelling exercises require inputs of climate data as well as geospatial data on topography, land use, soil and glacier extent. The common data sources used across the different models and papers are listed in Table A1 (supplementary material) . In some cases, other input datasets needed to be applied for pragmatic reasons, e.g. topographical data for the two Arctic basins were taken from USGS (Hydro 1K). In all cases, WATCH climate data (Weedon et al. 2011) were used for the calibration and validation of the models. Data on water management were used only in few cases: in SWIM application for the Tagus and in SWAT application for the Upper Niger. WaterGAP3 was run for nine basins in both versions: with and without human alterations, but for the intercomparison, the simulations without management were employed. In all other cases, human alterations were ignored. 3 Description of models
Nine hydrological models suitable for regional-scale applications were used in the study: ECOMAG, HBV, HYMOD, HYPE, mHM, SWAT, SWIM, VIC and WaterGAP3. The WaterGAP3 model was developed for both global and regional applications. The models are briefly described here and in Table 2 , presenting spatial disaggregation, input climate data, representation of soils and vegetation and some methods.
ECOMAG
The ECOMAG (ECOlogical Model for Applied Geophysics, Motovilov et al. 1999; ) is a semi-distributed hydrological model forced by air temperature, precipitation and air humidity. The model describes snow accumulation and melt, soil freezing and thawing, water infiltration, evapotranspiration, thermal and water regime of soil, as well as overland, subsurface and channel flows. ECOMAG was applied for hydrological simulations in river basins located in different physiographic and climatic conditions: from small catchments in Scandinavia (Motovilov et al. 1999) to the large Volga and Lena basins (Gelfan et al. 2015) . Since 2004, ECOMAG is applied in an operational mode for simulation of water inflow into the largest reservoir cascades of Russia.
HBV
The HBV model (Hydrologiska Byrans Vattenavdelning, Bergström and Forsman 1973) is a precipitation-runoff model describing runoff-generating processes via simple and robust 
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Tmin minimum temperature, Tmax maximum temperature, Tmean mean temperature, P precipitation, AH air humidity, RAD solar radiation, WS wind speed, LAI leaf area index, PET potential evapotranspiration structures driven mainly by topography and climate. HBV has been used in many countries with different climatic conditions and for scales ranging from small catchments to the entire Baltic Sea drainage basin, and also applied for climate impact assessment (Menzel et al. 2006; Vetter et al. 2015) . In our project, a semi-distributed version of HBV (Krysanova et al. 1999) , with a spatial disaggregation into sub-basins, elevation zones and land cover types, was applied for four basins, and slightly different versions (HBV-JLU and HBV-IWW) were used for four other basins.
HYMOD
The HYMOD (HYdrological MODel, Boyle 2001 ) is a lumped conceptual rainfall-runoff model which considers the entire study basin as a single and homogeneous unit. It accounts for soil moisture, evapotranspiration and runoff generation. The model was introduced following the concept of the probability-distributed moisture storage model proposed by Moore (1985) and was augmented with a snow accumulation and melt module to account for the dynamics of snow hydrology. HYMOD has been used in several hydrological studies (Vrugt et al. 2005; Herman et al. 2013 ).
HYPE
The HYPE (Hydrological Predictions for the Environment, Lindström et al. 2010 ) is a dynamic semi-distributed model, which describes major hydrological processes at the catchment scale: snow/ice, evapotranspiration, soil moisture and flow paths, groundwater fluctuations, aquifers, human alterations, and routing through rivers, wetlands and lakes. HYPE runs at a daily or hourly time-step and is applied for both operational and scientific purposes (Arheimer et al. 2012; Donnelly et al. 2015; Pechlivanidis and Arheimer 2015) . The HYPE source code is continuously developed and released for open access at http://hype.sourceforge. net/. Some results for large regions are visualized at http://hypeweb.smhi.se/.
mHM
The mHM (mesoscale Hydrologic Model, Samaniego et al. 2010; Kumar et al. 2013a, www. ufz.de/mhm) is a spatially distributed, grid-based model accounting for canopy interception, snow accumulation and melt, soil moisture, evapotranspiration, infiltration, surface and subsurface runoff, percolation, baseflow and flood routing. It uses a novel multiscale parameter regionalization scheme to account for the sub-grid variability of fine-scale physiographical characteristics (terrain, soil and vegetation) that allows applying the model efficiently across a range of spatial resolutions. The model was successfully applied to several river basins in Germany, North America and Europe (Samaniego et al. 2010; Kumar et al. 2013a, b; Rakovec et al. 2015) .
SWAT
The SWAT (Soil and Water Assessment Tool, Arnold et al. 1998 ) is a continuous-time semidistributed process-based hydrological simulator for water flows and nutrient transport at river basin scale. It uses a GIS interface interpreting topography, land use and soil data into input parameters. A basin is discretized into sub-basins and hydrological response units (HRUs).
SWAT treats each process at the HRU level on a daily or sub-daily time step to provide aggregated inputs into a river network (Neitsch et al. 2011) . SWAT has been extensively applied for a broad range of hydrological problems and climate impact studies (Gassman et al. 2014; Krysanova and White 2015) .
SWIM
The SWIM (Soil and Water Integrated Model, Krysanova et al. 1998 ) is an ecohydrological continuous-time semi-distributed model of intermediate complexity. It was developed based on SWAT-1993 (Arnold et al. 1993 ) and MATSALU (Krysanova et al. 1989 ) specifically for climate and land use change impact assessment in mesoscale and large river basins. SWIM has a three-level spatial disaggregation scheme and integrates hydrological processes, vegetation growth, nutrient cycling and erosion at the river basin scale. Recent versions of SWIM include wetlands, reservoir management, nutrients in river, irrigation and glacier dynamics. SWIM has been applied for impact assessment in many river basins in Europe, Asia and Africa (see overview in Krysanova et al. 2015) .
VIC
The VIC (Variable Infiltration Capacity, Liang et al. 1994 ) is a semi-distributed hydrological model for large-scale applications. The land surface processes are modelled at a grid of large cells, and the sub-grid heterogeneity is handled using statistical distribution functions. The runoff processes are represented through variable infiltration curve, parameterization of subgrid variability in soil moisture holding capacity and nonlinear baseflow. After processes in grid cells are simulated, the routing of water flow is performed. VIC has been applied for climate impact studies in large river basins (Hamlet and Lettenmaier 1999; Christensen and Lettenmaier 2007) .
WaterGAP3
The WaterGAP3 (Water -Global Assessment and Prognosis, version 3) is a grid-based, integrative assessment tool operating on a 5-arc minute global grid for global and regional applications. The model framework includes a rainfall-runoff model, five sectoral water use models and a water quality model. WaterGAP3 simulates the hydrological storage compartments (canopy, snowpack, soil, groundwater and surface water bodies) by a sequence of storage equations (Verzano 2009 ). Runoff from grid cells is transported through a series of retention storages representing lakes, reservoirs and wetlands before contributing to streamflow. Time series of water withdrawal and consumption are provided by the water use models (Flörke et al. 2013 ). WaterGAP3 has been applied in global change impact studies (e.g. Schneider et al. 2013 ).
Modelling approach
All model calibration and validation were done using WATCH ERA-40 climate data (Weedon et al. 2011 ) for the period 1971-2001. In most cases, the observed discharge of the Global Runoff Data Centre (GRDC) was used for comparison, and in some cases, data from national sources were employed. Two main criteria were used: the Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970) and percent bias (PBIAS) at a monthly time step (though the model outputs were daily). Besides, the reproduction of high and low percentiles of daily river discharge had to be analysed for all basins. For some of the larger basins, also intermediate gauges were included in the calibration, but it was done not systematically. After the model validation, climate impact assessment was performed using scenarios from five global climate models (Section 4). It was not possible to apply every model to every basin due to restricted resources, as there was no specific funding for modelling and intercomparison effort (some funding was available only for workshops). Table 3 presents an overview of all modelling case studies. VIC model was applied for 11 basins, SWIM for 10 and WaterGAP3 for 9, whereas ECOMAG was applied for only two basins. Five models-VIC, HBV, SWAT, SWIM and HYMOD-were applied by several modeller groups, and in four cases, the same model was applied for the same basin by two groups. In total, 80 case studies presented in Table 3 were performed and included in the model evaluation and intercomparison of impacts.
Climate scenarios
Climate change impacts were simulated and analysed using climate scenarios from five Earth System Models: HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M and NorESM1-M considering all four Representative Concentration Pathways (RCP): RCP2.6, RCP4.5, RCP6.0 and RCP8.5. The analysis was performed for three scenario periods: near-term (p1, 2006-2035), mid-century (p2, 2036-2065) and end-century (p3, 2070-2099) in comparison with the reference period (p0, 1981-2010) . In some papers (e.g. Samaniego et al. 2016) , the time periods were slightly shifted.
The signals of changes in temperature and precipitation averaged over five climate models and basin areas are presented in Table 4 . The average signals of change in temperature are similar for the European and African basins, as well as for the Ganges, Upper Amazon and Darling. They are slightly higher for two Chinese basins, followed by the Upper Mississippi and two northern basins MacKenzie and Lena.
The projected change in precipitation (Table 4 , in %) is positive in all scenarios and periods for eight of 12 basins, and it is mostly increasing from p1 to p3. The greatest increase in precipitation is projected for the Lena, followed by the Niger, Ganges, Upper Yellow, MacKenzie and Blue Nile. In the Upper Yangtze, precipitation is expected to increase slightly in period p2 and moderately in period p3. In the three basins (Rhine, Upper Amazon and Upper Mississippi), precipitation is expected to increase by less than 5% in periods p1 and p2, and higher in some cases in period p3. The greatest decrease in precipitation is projected for the Tagus and a smaller decrease is also projected for the Darling. Figure 3 illustrates temperature and precipitation changes as long-term average monthly values in three scenario periods compared to the reference period for RCP2.6 and RCP8.5 (shown as average values and min/max bands from all five climate models) for six selected basins (the same for other six basins: see in Fig. A1, supplementary material) . The magnitude of change in both temperature and precipitation generally increases with time and the radiative forcing of the RCPs. The highest monthly changes in temperature are projected for the Mississippi and the two Arctic basins MacKenzie and Lena. The highest monthly changes in precipitation (for some months) are projected for the Niger, Blue Nile, Ganges and Upper Amazon. 
Summary of main results
The Special Issue includes this introductory paper and 13 thematic papers (Table 5 ). The evaluation of the nine regional hydrological models was done for 12 river basins using 12 numerical criteria (Huang et al. 2016) . The evaluation shows that most models adequately reproduce monthly discharge, long-term average seasonal dynamics, moderate and high flows in most of the basins, but simulation of low flows appeared to be more problematic.
As the quality of input climate data is important for simulation of impacts and can contribute to their uncertainty, Strauch et al. (2016) analysed global precipitation data in the Upper Amazon and suggested a method to adjust it by applying Tropical Rainfall Measuring Mission climatology and considering cloud water interception. Vetter et al. (2016) evaluated three variables (the long-term mean annual flow and percentiles Q 10 and Q 90 ) of all applied models for all 12 river basins by the end of the century and found robust positive trends for two or three variables in the Lena, MacKenzie and Ganges, robust negative trends for three variables in the Tagus, and a decrease in low flows for the Rhine (all-with a high or moderate agreement of all model results). The streamflow seasonality was analysed by Eisner et al. (2016) for 11 basins; this analysis showed increasing streamflow volumes during the high-flow season in three basins influenced by monsoonal Samaniego et al. (2016) analysed drought characteristics in seven basins and propagation of forcing and model uncertainties, and found a larger propensity to hydrological droughts in the Upper Niger and Rhine basins. A multimodel assessment of sensitivity of a proxy for available water (P-ET) to climate change performed by Mishra et al. (2016) suggests increases, declines or negligible changes depending on case study basin, RCP and time period. Pechlivanidis et al. (2016) studied hydrological extremes in five river basins and found both increasing and decreasing statistically significant trends. Wang et al. (2016) applied indices of hydrological alteration to study modification of the overall flow regime under a warmer climate in four basins and found a medium to high level alteration for the Tagus and Upper Yellow under RCP4.5 and RCP8.5 at the end of the century.
Projections for the two Arctic basins analysed by Gelfan et al. (2016) indicate positive mean annual runoff anomalies for both rivers under all RCPs, and a multi-year delay in the hydrological response to climate change under RCP2.6, with the largest uncertainty for the spring snowmelt season. The multi-model study of Teklesadik et al. (2016) for the Upper Blue Nile suggests an increase in ET, but statistically insignificant changes in mean annual discharge in mid-century and end-of-century, according to the most model results. The Upper Yangtze study (Su et al. 2016) shows that, according to the majority of simulations, the mean annual runoff and high-flow season runoff are expected to increase, and the 100-year return period of peak discharge from 1981 to 2010 would decrease at the end-century, although the uncertainty ranges of model outputs are high.
In general, the largest share of uncertainty in projections is related to the choice of GCMs, followed by the choice of RCPs, the choice of hydrological model is the smallest contributor to uncertainty, and uncertainty grows with time, as shown in several papers considering different research questions and variables (Vetter et al. 2016; Eisner et al. 2016; Samaniego et al. 2016; Pechlivanidis et al. 2016; Teklesadik et al., 2016; Su et al. 2016) . Applying the ANOVA method to all model results over the 12 river basins, Vetter et al. (2016) found the overall shares of uncertainty in the multi-model ensemble to be 57%, 27% and 16% for GCMs, RCPs and hydrological models, respectively.
The cross-scale intercomparison of global and regional model performance and simulated impacts was done for 11 basins by Hattermann et al. (2016) and for eight basins (only impacts) by Gosling et al. (2016) . It was shown that (a) performance of regional models for the long-term average seasonal dynamics is much better than that of global models; (b) sensitivities of simulated annual river discharge to annual precipitation are quite similar for global and regional models; (c) medians of the long-term mean discharge (for the far future or 3°C horizon) under RCP8.5 based on regional and global model sets are to a certain extent comparable in some basins but show distinct differences in others, in some cases the medians differ in sign, and spreads related to global models are mostly larger and (d) the hypothesis of similarity of change signals from the two ensembles is confirmed statistically in five out of 11 cases.
These findings indicate that climate impact assessment based on an ensemble of impact models enables to provide robust results and to identify sources of uncertainty and needs for model improvement. Though good performance of a hydrological model under current conditions does not guarantee its reliability in future climates, especially for the distant future, it does increase acceptance of the model results by water managers and decision makers. The studies presented in this Special Issue also show that there is room for improvement of model performance, especially of global models in general, and regional models for the low flow. The large uncertainty in climate model projections, particularly for precipitation, in mid-continental regions (African basins, Amazon and Darling in Australia), continues to contribute significant uncertainty in projected hydrological impacts of climate change and requires further efforts of climate modellers. Wang X et al (2016) 
